Approximately 20% dry-matter content appears to be an accepted standard value for bacterial cells. We have found that the dry-matter content of bacteria may be more than twice as high as generally assumed. The main reason for the low estimates seems to be that proper corrections for intercellular water have not been made when estimating the wet weight of the cells. Using three different bacterial strains, we detetmined a drymatter content of cells ranging from 31 to 57%, suggesting not only that the accepted standard value is much too low but also that it is far from standard. To convert bacterial biovolume into biomass (carbon content), we suggest that 0.22 g of C cm-3 should be used as a conversion factor.
Reliable estimates of bacterial biomass (as carbon content) are essential to determine the quantitative importance of bacteria in many ecosystems. No reliable method for the direct determination of bacterial biomass is currently available. Useful estimates can be made, however, by converting bacterial biovolume into organic carbon (3, 10, 11, 21) . The conversion factor involved may be calculated from values for the buoyant density, the dry weight/wet weight ratio, and the carbon weight/dry weight ratio of bacterial cells. These values are seldom determined for each case, use being made of literature data obtained with other organisms for other purposes. Luria (13) states that about 20% is a reasonable average estimate of bacterial dry weight. Similar values have later been assumed to be valid for bacteria in general (3, 10, 21) . Percent dry matter of bacterial cells is usually determined by weighing a bacterial pellet before and after drying to constant weight. Available information on the water content in bacterial pellets, however, suggests that >60% of the total water in the pellets may be intercellular water (4, 17, 19) . Thus, proper corrections for intercellular water in the pellets seem to be crucial when determining the dry weight/wet weight ratio to the bacterial cells. If a bacterial pellet contains 20% dry matter, and if 60% of the water in this pellet is assumed to be intercellular water, then the bacterial cells must have a dry-matter content of about 38%. This is nearly double the commonly assumed value of 20% dry matter for bacterial cells. To verify our hypothesis of a high dry-matter content of bacterial cells and to arrive at a reliable convertion factor for bacterial biomass, we have investigated the buoyant density, dry weight/wet weight ratio, and carbon weight/dry weight ratio of three bacterial species.
MATERIALS AND METHODS
Bacillus subtilis, Escherichia coli, and Pseudomonas putida were used in this study. B. subtilis and E. coli were grown in minimal medium (7) with glucose (8 mM), trace elements, and vitamins (9) . P. putida was grown in aged seawater diluted to 70% with distilled water and enriched with glucose (33 mM), NaNO3 (12 mM), KH2PO4 (0.8 mM), trace elements, and vitamins (9) . Both were harvested by centrifugation. Intercellular water, as percent of the total water in the pellet, was determined with H20 (New England Nuclear) as marker for total water and [carboxyl-"4C]inulin (New England Nuclear) as marker for intercellular water in the pellet (4, 14, (16) (17) (18) (19) . The harvested cells were resuspended in glucose-free medium with 3H marker for 30 min or with 14C marker for 2 min and then centrifuged at 12,000 x g for 10 min. 14C marker trapped in the intercellular water and 3H marker trapped in both intercellular and intracellular water were washed out of the pellets by resuspending the cells in 10 ml of glucose-free medium and centrifuging. The amount of isotope marker in the supernatant was determined by liquid scintillation counting. The pellets formed after the last centrifugation were used for determination of pellet percent dry weight by weighing the pellet before and after drying at 105°C to constant weight. The salt content of the media was determined gravimetrically, drying 10 ml of glucose-free fresh medium at 105°C to constant weight. Carbon content of the dry pellets were determined with a CHN analyzer (Carlo Erba Strumentazione 1106). The weights of the dry pellets were corrected for the weight of the medium salts remaining in the pellets after drying, before calculating the carbon weight/dry weight ratio of the cells. Buoyant densities of individual bacterial cells and of bacterial pellets were determined with preformed density gradients of Percoll (Pharmacia Fine Chemicals) (12) , with density marker beads (Pharmacia Fine Chemicals) (1) as references.
RESULTS AND DISCUSSION The choice of B. subtilis, E. coli, and P. putida was motivated by the desire for comparing our results with previously published data and for working with a few bacteria with widely different properties. Using bacterial strains isolated from aquatic environments might have increased the relevance of the obtained results with respect to aquatic studies. However, isolating a few bacterial strains and cultivating them in the laboratory for experimental purposes will not by itself justify drawing general conclusions about the whole bacterial community or about the qualities of these strains in situ. Using bacteria known to have widely different properties will at least give an idea about the range of values one might expect to find for bacteria in general.
The dry weight of the bacterial pellets as percent of the pellet wet weight ranged from 11 to 29%, averaging 20% (Table 1) . These values for bacterial pellets are comparable (13, 20) , and data on the specific gravity of these compounds (1, 2, 20) , one may estimate the specific gravity of bacterial dry matter to be in the range of 1.35 to 1.6 g cm-3. Based on these estimates and on our experimentally determined values for percent dry weight of cells, we have calculated the theoretical buoyant densities of bacterial cells. These calculated values were, in general, slightly higher than the buoyant density values determined by direct experimentation ( Table  2) .
Determination of cell buoyant density implies a definition of cell volume. The densities determined by direct experimentation depend on cell volumes as defined by the exclusion of the Percoll silica particles in the density gradient, whereas the theoretically calculated buoyant densities depend on cell volumes as defined by the exclusion of the inulin molecules in the pellet intercellular water. The differences between experimental and calculated buoyant densities shown in Table 2 To convert bacterial biovolume into carbon biomass, a conversion factor of 0. 121 g of C cm-3 has been used (11, 15, 21) . This factor was estimated assuming a bacterial cell buoyant density of 1.1 g cm-3, a dry weight/wet weight ratio of 0.22, and a carbon weight/dry weight ratio of 0.5 (21) . Using our experimental data, we may calculate a conversion factor ranging from 0.16 to 0.29 g of C cm-3. The range of our estimate is mainly due to differences in the percenit dry matter of the cells of the three bacterial strains we used. The dry-matter content of the cells of a given strain may also vary with the growth conditions (see P. putida, Table 1 ). 
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Our work indicates that bacterial cells generally have a dry weight/wet weight ratio closer to 0.4 than to the currently assumed value of 0.22. We would thus suggest that, if a general factor for the conversion of bacterial biovolume into biomass is called for, a value of 0.22 g of C cm-3 will give more realistic estimates than a value of 0.121 g of C cm3. The implication is that many published values for bacterial biomass in natural ecosystems may be considerable underestimates.
